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Abstract 
In this report, the dry delivery of polyamide 12 powders by vibrating capillary steel nozzles is investigated and discussed 
regarding its potential for powder layer preparation in Laser Beam Melting. Therefore, a setup including a steel nozzle assembled 
on a piezoelectric actuator is presented, which enables the precise control over very small powder quantities by vibration 
excitation. An analysis reveals that the mass flow through the nozzle can be adjusted by the vibration modes in a certain range 
depending on the nozzle’s specifications, whereas the vibration modes themselves show a complicated behaviour. Using a 
positioning system in combination with the vibrating nozzle, single-layer patterns consisting of polyamide 12 are produced and 
characterized regarding surface homogeneity and selectivity using a laser stripe sensor. 
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1. Introduction 
Laser Beam Melting (LBM) is one of the most popular Additive Manufacturing (AM) processes that emerged in 
the last two decades. This layer-based technology produces high-quality, functional plastic parts for design approval, 
trial and test, or even end-use in true working environments. Fabricated directly from 3D CAD data, complex 
designs and incorporated features can be achieved more easily with AM technologies, which makes LBM 
predestinated for high performance applications including aerospace, tooling for injection moulding, medical 
devices or automotive (Kruth, 1991; Levy et al., 2003). 
Even though LBM allows a high degree of flexibility and freedom of design, usual LBM machines are still 
restricted to the processing of single materials. The fabrication of multi-material components which consist of 
different material regions locally separated by discrete or graded interfaces using LBM is still a subject of current 
research. Progress has been made with LBM using metal powders (Ott et al., 2010), but the fabrication of high-
quality complex multi-material components using polymer powders is still an unresolved challenge. 
In order to realize multi-material parts, it is essential to coat powder layers which consist of arbitrary 
arrangements of different powder materials. Since standard coating devices of LBM machines basing on blades or 
rollers are not capable of that, new coating/deposition techniques are required which enable a fast powder handling 
with precise and reliable control over very small powder quantities. 
A possibility to realize multi-material powder layers is the application of nozzle arrangements which discretely 
deposit dots and lines next to each other to form patterned layers. In the recent years, several reports were given 
which propose nozzles for the deposition of powders for the application in AM (Lu et al. 2006a) or for micro dosing 
in the pharmaceutical industry (Chen et al., 2012a; Chen et al., 2012b). As dosing mechanism different methods 
have been investigated (Yang et al., 2007), such as pneumatic, volumetric, screw/auger, electrostatic, and vibratory 
methods. One of the most promising methods to control powder flow is the usage of vibration which was studied by 
several research groups in the recent decades (Lu et al., 2006a; Lu et al., 2006b; Chen et al., 2012a; Chen et al., 
2012b; Tolochko et al., 2004; Jiang et al., 2009; Qui et al., 2011). They revealed that vibration excitation can 
improve the powders’ flow properties by breaking down agglomerated powder particles and fluidizing it which is 
especially beneficial for powders with low flowability. It was observed that continuous flow as well as a valve-like 
start and stop function can be achieved by vibration excitation (Chen et al., 2012a; Jiang et al., 2009). 
In order to realize a dosing system basing on vibrating nozzles for the LBM application, three important criteria 
have to be considered. At first, a sufficient powder mass output through a nozzle has to be achieved so that a 
complete layer can be prepared in appropriate time. If the mass output is too low, the process parallelization using 
an array of nozzles can be an improvement, but only in a limited range. The mass flow is affected by the 
specifications of the nozzles (surface quality, orifice diameter, cone angle, etc.), the powders’ flowability, and the 
vibration excitation. Using vibrating glass nozzles, the mass flow of polyamide 12 in dependency on the vibration 
excitation and the nozzle specifications was investigated in a previous publication (Stichel et al., 2013). 
Second, the temporal and spatial control accuracy is important for the repeatable creating of multi-material 
arrangements with defined and high-selective powder zones. Since the powder level inside the nozzle can affect the 
mass flow, a temporal constant mass output is not a manifest consequence of a steady vibration excitation. 
Therefore, it is important to verify vibration modes which feature a linear relationship between dose accumulation 
mass and time and thus a stable process mode. This is achieved when the powder is alternately compacted and 
dilated under the influence of vibration with retaining a stable particle packing density regardless of the nozzle’s 
powder level (Lu et al., 2006b). Concerning the spatial control accuracy, aside from the orifice diameter the 
discharge characteristic defines the line width and thus the selectivity. For a precise powder deposition with high 
selectivity, a narrow discharge characteristic is preferable. Previous investigations showed that unsuitable vibration 
modes lead to a strongly dispersed powder output (Stichel et al., 2013). 
Finally, it is also important that the deposition technique withstand the high temperatures which are usually 
applied inside the process chamber of LBM machines. On the one hand temperature-resistant materials and 
components have to be used; and on the other hand the dosing mechanism itself has to stay functional at that 
temperature conditions. In this regard, the powders’ flowability which depends on the cohesive forces between the 
particles (e. g. van der Waals forces, hydrogen bonds, electrostatic interaction) is particularly important since it is 
easily affected by the environmental conditions (Rumpf, 1974) and determines the functionality of the setup (Stichel
et al., 2014). 
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In this report, a setup basing on longitudinally vibrating steel nozzles is presented which allows the dry delivery 
of polymer powder for their application for Laser Beam Melting. After analyzing the vibration behavior of the 
nozzle, the mass flow of polyamide 12 powder is studied in dependency on the vibration modes and the nozzle 
orifice diameter. Moreover, single-layer patterns consisting of polyamide 12, produced by means of a positioning 
setup, are characterized regarding surface homogeneity and selectivity using a laser stripe sensor. 
2. Experimental 
2.1. Vibrating Nozzle and Characterization Setup 
A scheme of the experimental setup is displayed in Fig. 1a. It consists of the vibrating nozzle arrangement and 
characterization devices. Fig. 1b shows photographic images of the two steel nozzles used with specifications. 
 
 
Fig. 1. (a) Scheme of the experimental setup for the characterization measurements; (b) photographic images of the nozzles N1 and N2 with 
specifications. 
The nozzle is mounted on a piezoelectric actuator in such way that a longitudinally vibration excitation could be 
performed. The two nozzles N1 and N2 used are made out of steel and their interior wall surfaces are spark-eroded. 
Their main difference is the orifice diameter. The piezoelectric actuator from PI (Karlsruhe, Germany) uses the 
inverse piezoelectric effect which means that an electric field creates mechanical deformation in the piezoelectric 
crystal. The crystal can be cooled by air which ensures a constant temperature during dynamic operation with high 
frequencies. A function generator provides a sinusoidal wave shape as input signal. An amplifier boosts the input 
signal which is applied to the actuator. 
The vibration of the nozzle is tracked by a laser distance sensor from Keyence (Neu-Isenburg, Germany). It 
enables measurements with a sampling frequency of 2.5 kHz and a reproducibility of 0.05 μm. It can be used to 
measure along the x, y, or z axis. The sensor was mounted on an extra table to assure that it is not affected by the 
vibrating piezoelectric actuator. 
The mass flow of the powder is determined by means of a balance with a resolution of 0.1 mg and a timer. For 
the measurement the nozzle is filled with a defined amount of powder and arranged above the balance. After the 
start of the mass flow, the output weight is recorded for a time span of 20 seconds. The whole procedure is repeated 
for 5 times, before the average mass flow and standard deviation is calculated. By this strategy, a possible influence 
of the filling level on the experiments can be excluded. 
2.2. Positioning Setup 
In order to deposit patterned powder layers the piezoelectric actuator and the nozzle are attached to a positioning 
system basing on stepper motors. With it the nozzle can be moved along z and x direction while the substrate below 
the nozzle travels along the y direction. This setup is displayed in Fig. 2a, which can be used to create arbitrary 
powder patterns on a substrate (Fig. 2b). 
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The surface topography of prepared powder layers is determined by a laser stripe sensor from Micro-Epsilon 
Messtechnik (Ortenburg, Germany). It enables 2D profile measurements with a sampling frequency of 200 Hz and a 
resolution of 40 μm at a stripe length of 50 mm. In order to obtain three-dimensional surface topography data from 
experiments, the sensor is mounted on the positioning system next to the nozzle in such a way that the laser stripe is 
aligned to the x direction. During the measurement, the substrate moves along the y direction with a speed of 1.25 
mm/s, which yields a y resolution of 50 μm at the chosen sampling frequency of 25 Hz.
 
 
 
Fig. 2. (a) Scheme of the experimental setup for powder deposition; (b) photographic image of the nozzle N1 during powder deposition. 
2.3. Powder Material 
The utilized polymer powder was polyamide 12 (PA12) which was obtained from EOS GmbH (Krailing, 
Germany) and is labeled PA2200. It is typically used with LBM applications and features an average particle size of 
58 μm according to manufacturers’ data. 80 % of the particles are in the range between 40 and 90 μm. 
 
3. Results and Discussion 
3.1. Characterization of the Nozzle Vibration 
The distance sensor tracks the vibration modes of the vibrating nozzle system. Therefore, the distance sensor is 
placed aside the vibrating nozzle’s empty reservoir in such a way that either the longitudinal (z) or the transversal (x, 
y) vibrations can be detected. All three movements are successively recorded for the same amplitude voltages. 
An example of the sensor’s feedback signal which is the temporal oscillation amplitude is displayed in Fig. 3a. In 
this case, a vibration excitation of the nozzle N2 with a frequency of 600 Hz and voltage amplitude of 20 V with an 
offset of 50 V is applied to the piezoelectric actuator. The turning-on leads to a leap of the signal which can be 
related to the offset voltage. It is remarkable that even before the turning-on strong oscillations arise which 
obviously originate from the environment. In order to interpret the oscillations in detail a fast Fourier transformation 
(FFT) is performed to receive the sensor’s feedback signal in the frequency domain. This transformed signal is 
displayed in Fig. 3b. 
From the frequency domain one can extract the amplitudes of all frequencies appearing inside the feedback 
signal. Hence, the excitation frequency of 600 Hz and its amplitude can easily be detected, but it is also noticeable 
that there are strong oscillations with frequencies below 120 Hz. These oscillations are caused by vibrations 
originating from the environment which affect the sensor and the nozzle. This is clear when applying a high-pass 
filter to the sensor’s signal from Fig. 3a which suppresses all frequencies below 120 kHz. The resulting filtered 
signal which is displayed in Fig. 3c reveals the “true” vibrations which are induced by the actuator to the nozzle and 
should control the powder flow. Accordingly, the turning-on of the piezo voltage sets the nozzle into a steady-state 
vibration after a small period of transient oscillations of about 50 ms. 
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For the vibration measurements only 4 different frequencies were chosen: 150, 350, 450, and 600 Hz. These 
frequencies are located in non-resonance areas which can be expected to be stable and reproducible vibration modes. 
The resonances of the system with nozzle N2 were found at 80-90, 200, 300, and 640-970 Hz. 
The vibrations of the nozzle N2 are measured in dependency on the amplitude voltage at the piezoelectric 
actuator and in three different directions (x, y, and z direction). The results are displayed in Fig. 4. Fig. 4 a-c show 
the x, y, and z vibration amplitudes (peak-to-peak) which are caused by the excitation frequency. Even though the 
piezoelectric actuator is designed to travel only along the longitudinal (z) direction, the results reveal the existence 
of vibrations in the transversal (x, y) direction. For the frequencies 150, 350, and 450 Hz the transversal vibrations 
are smaller than the longitudinal vibrations, but for 600 Hz the strongest oscillation detected were in x direction. 
This might be reasoned by the closeness to the resonance zone at 640 Hz which seems to prefer vibrations in x 
direction. The graphs of Fig. 4c show a quite good linear increase with the voltage for the longitudinal vibration. 
This observation would confirm the theory of forced oscillations with linear damping if we assume that the applied 
voltage amplitude leads to a proportional excitation force. Nevertheless, this is only valid when completely 
neglecting the transversal oscillations which shouldn’t be done since they are considerably strong in relation to the 
longitudinal oscillations. 
 
 
Fig. 3. Distance sensor’s feedback signal after vibration excitation of the nozzle N2 with a frequency of 600 Hz and a piezo voltage amplitude of 
20 V with an offset of 50 V (a) in time domain, (b) in frequency domain after applying a fast Fourier transformation, and (c) in time domain after 
applying a high-pass filter with a cutoff frequency of 120 Hz. 
In order to receive a physical quantity which describes the vibration modes comprehensively, a first step is done 
by the derivation of the absolute value A from all types of oscillation. In Fig. 4d the absolute value of vibration 
amplitude in dependency on the voltage amplitude U is displayed. Comparing this graph with Fig. 4c it is noticeable 
that the curves for 450 and 600 Hz have changed clearly. The slopes of the curves are now nonlinear which is 
caused by the prominent oscillations in x direction (Fig. 4a) with nonlinear characteristics which are included now in 
the curves. Instead, the curves for 150 and 350 Hz have not changed much. 
In the next step the absolute value is used to calculate the maximum vibration acceleration Į. When assuming a 
sinusoidal oscillation shape, it can be derived by (Jiang et al., 2009) 
Af 224SD     (1)
with the frequency f and the absolute value A. The maximum vibration acceleration resembles a comprehensive 
physical value to describe vibration state with respect to the powder control potential because it includes the 
frequency and the oscillation amplitude. Thus, vibration modes with different amplitudes and frequencies can be 
compared to each other. 
In Fig. 4e the calculated values for Į are displayed. It can be noticed that the curve for the frequency of 150 Hz 
which provides the highest amplitudes A contains the lowest acceleration values. There, the quadratic dependency 
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of the frequency in equation 1 is noticeable at most. Due to Į depending only linearly on the amplitude A, the 
frequency has a predominate influence on the acceleration forces in comparison to the amplitude A. 
Since the results from Fig. 4 show the complexity of the vibration response, it seems to be possible that the 
powder mass inside a nozzle might change the vibration modes. This aspect is neglected in the next chapter but 
should be kept in mind when discussing the following experiments of mass flow measurements. 
 
 
Fig. 4. Vibration amplitudes (peak-to-peak) of the nozzle N2 as a function of the applied voltage amplitude U at different frequencies: (a-c) 
Vibration amplitudes in x, y, and z direction, (d) absolute vibration amplitude A, and (e) calculated maximum acceleration Į. 
3.2. Mass flow at different vibration modes and nozzles 
Using both nozzles (N1, N2) filled with PA12 powder without applying vibration, no mass flow can be detected. 
The powder develops an arching structure in the narrow end of the nozzle which prevents the powder from falling. 
With applying vibration the powder flow can be initiated. Here two kinds of effects have to be taken into account: 
compaction and dilation. While the latter results in reduced friction between the particles which increases the 
flowability and thus enhances mass flow, compaction reinforces friction and drags the mass flow. The effect that 
predominates is determined by the powder and the nozzle properties as well as by the vibration modes. 
The powder density would be a suitable physical value to characterize the state of compaction or dilation. Since 
we are not able to observe the powder density inside the nozzle during the high-dynamic vibration process, the 
acceleration force is an appropriate alternative physical value. As seen in the chapter before, this value can be easily 
estimated from the vibration frequency and amplitude of the nozzle’s vibration. 
Using the different vibration modes and results from the chapter before, mass flow measurements are done with 
PA12 and both nozzles N1 and N2 according to the procedure explained in the experimental chapter. The resulting 
mass flows in dependency on the maximum acceleration Į are displayed in Fig. 5. 
When interpreting the mass flow measurement results for both nozzles, it is important to hint to the different axis 
scales. It is remarkable that with N1 smaller values of accelerations due to lower vibration amplitudes are achieved 
than with N2. This is probably reasoned by the different weights of the nozzles. While N1 possesses a mass of 82 g 
and N2 only weighs 77 g, the different mass inertias lead to the different vibration amplitudes with the same 
excitation force (defined by the amplitude voltage). With a higher mass inertia the vibration amplitudes and thus the 
vibration accelerations are lower because of Newton’s second law. 
Comparing the maximal mass flows for both nozzles it can be noticed that with N1 mass flows of around 
0.8 mg/s and with N2 mass flows of around 2.8 mg/s are achieved. This means a mass flow for N2 with the larger 
orifice diameter which is 3.5 times higher the mass flow of the narrower N1. A correlation between the different 
cross-section areas of the different nozzles should not be done since different vibration modes were mostly applied 
in both cases. Picking out the most similar parameter sets “f_U_A” from Fig. 5a and b which are 
“350Hz_20V_1.4μm” (Fig. 5a) and “350Hz_20V_1.9μm” (Fig. 5b) one can compare the ratio of their mass flow 
values to the ratio of their cross-section areas which are in both cases around 2. This hints to a linear correlation 
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between mass flow and cross-section area. Nevertheless, more investigations should be done to confirm this 
assumption. 
 
 
Fig. 5. Mass flow measurements with standard deviation for different vibration modes (f_U_A) in dependency on the maximum vibration 
acceleration Į for (a) the nozzle N1 and for (b) the nozzle N2. 
An important result which can be concluded from both graphs from Fig. 5 is that there is a threshold acceleration 
value which assigns if mass flow is achieved or not. This value differs for both nozzles and it is remarkable that for 
N1 with the smaller orifice diameter the threshold is considerably lower than for N2. The threshold value for N1 is 
about 2.5 m/s2 and for N2 it is about 10.0 m/s2. Before interpreting that behavior, it should be kept in mind that both 
nozzle configurations may differ regarding to their vibration behavior which cannot be represented by the absolute 
amplitude A comprehensively. The influencing aspects may be the different phases of longitudinal and lateral 
vibrations or vibrations of higher orders of the excitation frequency which could not be detected with the laser 
distance sensor. If neglecting such concerns, the difference of the threshold value of both nozzles exposes that with 
the larger orifice diameter stronger powder bridges are existent in the narrow end of the nozzle which need a higher 
acceleration force to break down for powder mass flow. 
Beyond the threshold value a steady increase of the mass flow can be extracted from both graphs in Fig. 4. With 
further increase it seems that a maximum is reached whereas additional acceleration does not result in higher mass 
flows. Then, the mass flow decreases which agrees with observations done by Jiang et al. in 2009 (Jiang et al., 
2009). A possible explanation is that compaction is boosted by such strong acceleration forces (Knight et al., 1995) 
which enhances cohesive forces as e. g. form-fit connections and hinders the powder mass output. An additional 
effect may also be high electrostatic charging of the particles as result of the strong acceleration forces which lead to 
additional adhesion and agglomeration. However, this has to be thoroughly investigated for quantitative evidence. 
3.3. Powder Material Deposition 
For dispensing, not all vibration modes which result in mass flow are suitable for powder dispensing. A narrow 
discharge characteristic is also important for good dosing performance which is not necessarily given at sufficient 
mass flows. Unsuited vibration modes can lead to strong dispersed or even eruption-like discharge which cannot be 
used for high-selective powder deposition [Stichel 2013]. 
Such behavior can be found in the microscopic images in Fig. 6a. The shown PA 12 powder lines are prepared 
along y direction with a deposition velocity of 13.3 mm/s with three different vibration modes using both nozzles. 
The two lines which are produced with both nozzles at 350 Hz expose a strongly dispersed discharge characteristic 
resulting in the widest lines with poor selectivity. In contrast to that, powder lines fabricated with 450 and 600 Hz 
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reveal a quite narrow discharge characteristic with good selectivity. Highest selectivity is achieved with N1 at 
450 Hz resulting in a maximum line width of about 850 μm. Slightly broader are lines when applying a frequency of 
600 Hz to N1 leading to a maximum width of about 930 μm. Using N2 generally broader lines can be prepared since 
N2 provides larger mass flows as result of the larger orifice diameter. With N2, maximum line widths of 950 and 
1150 μm are realized with 450 and 600 Hz, respectively.  
By means of the configuration with the highest selectivity (N1, 450 Hz, 30 V), powder layers with a dimension 
of 20 x 10 mm2 are prepared with different hatch distances (0.25, 0.50, 0.75, and 1.00 mm) and analyzed using the 
laser stripe sensor. The hatch strategy and the measurement range of the sensor are displayed in detail in Fig. 6b. 
 
 
Fig. 6. (a) PA12 powder lines produced with a velocity of 13.3 mm/s and three different vibration modes, (b) hatch strategy for powder layer 
preparation and measurement range of the laser stripe sensor. 
When examining the topographic surface data of Fig. 6 recorded by means of the laser stripe sensor, the 
influence of the hatch distance can clearly be observed. The hatch distance of 1.00 mm is obviously too large to 
result in a continuous layer which is understandable since the single line width of 850 μm is clearly smaller than 
1.00 mm. At a hatch distance of 0.75 mm, a continuous layer is achieved, whereas the lines can still be recognized in 
the powders’ surface topography. In that case, a high roughness value (rms: root-mean-square) of 145 μm is derived 
from the measurements’ data. Instead, the hatch distance of 0.50 mm leads to a comparable smooth surface with an 
rms value of 68 μm which is half as high as for the hatch distance of 0.75 mm. A similar result for the surface 
roughness is achieved with the hatch distance of 0.25 which delivers an rms value of 92 μm. However, while the 
height of the single line of about 500 μm resembles roughly the maximum height of the layers for the hatch 
distances 1.00, 0.75, and 0.50 mm, the maximum height of the layer for the hatch distance of 0.25 is clearly larger 
with about 1700 μm. Moreover, this hatch distance also leads to rounded edges of the powder layers. Both 
observations are related to the strong overlap of the parallel deposited lines leading to a strong accumulation of 
powder mass during the deposition. 
In comparison to the layers prepared by the nozzle setup, the layer specifications achieved with a typical LBM 
device (EOSint P380) using a blade for layer preparation are advantageous. On the one hand thinner layers with 
heights from 100 to 200 μm can be prepared, which is more than half as low than the layer thickness achieved with 
the nozzle setup. And on the other hand the powders’ surface topography is more homogeneous with a low rms 
value of 27 μm which was also measured using the laser stripe sensor. In order to improve the layer specification 
prepared by nozzles and to approach the layer quality of typical LBM devices, further optimization could be realized 
by adjusting the deposition velocity, the hatch distances, and the mass flow. 
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Fig. 7. Laser stripe sensor topographic measurements of powder layer prepared with PA 12 and the hatch distances (a) 1 mm, (b) 0.75 mmm, (c) 
0.50 mm, and (d) 0.25 mm. 
4. Conclusion 
In this report, the dry delivery polyamide 12 (PA2200) was investigated by means of an experimental setup 
which consists of steel nozzle assembled on a piezoelectric actuator. By applying a sinusoidal voltage amplitude to 
the actuator, the nozzle was set into vibration, which enables the control of the powder mass flow involving a valve-
like start and stop function. 
The vibration amplitudes of the vibrating nozzle setup were analyzed in transversal (x, y) and longitudinal (z) 
direction at different frequencies and voltage amplitudes using a laser distance sensor, which is crucial for the 
derivation of the maximum vibration acceleration. The mass flows were determined with two different nozzles and 
different vibration modes in order to identify governing laws for the powder delivery. Therefore, the mass flows 
were plotted against the maximum vibration acceleration derived from different vibration modes. It was detected 
that a maximum vibration acceleration threshold exists which has to be exceeded to initiate powder mass flow. With 
increasing acceleration the mass flow increases but decreases if the acceleration is too high. The latter is most likely 
reasoned by compaction which is boosted by such strong acceleration forces which enhances cohesive forces as e. g. 
form-fit connections and hinders the powder mass output. Moreover, a positioning setup was used in order to 
deposit powder lines and layers. Experiments show that line widths of down to 850 μm, layers with a thickness of 
about 500 μm, and a surface roughness of down to 68 μm can be achieved using a nozzle with an orifice diameter of 
about 700 μm. It was shown that the hatch distance has to be adapted to the line width in order to achieve 
homogeneous layer surfaces, which is important for the application in Laser Beam Melting technology. 
Nevertheless, the layers achieved with blades used with typical Laser Beam Melting devices are still advantageous 
compared to the layers prepared by the nozzle setup. This shows that optimization is required in order to create high-
quality layers useable for LBM applications. 
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